ABSTRACT. This study investigated the efficacy and feasibility of inducing the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) into hepatocyte-like cells in vitro using Sprague Dawley rats, as a model of hepatocyte generation for cell transplantation. BMSCs were isolated and grown using the adherent method and exposed to 5 or 10% liver tissue homogenate, before being collected for analysis after 0, 7, 14, and 21 days. Immunofluorescence and western blotting were employed to detect the liver-specific markers a-fetoprotein (AFP) and albumin (ALB). Supernatant urea content was also measured to verify that differentiation had been induced. After 7 days in the presence of 10% liver tissue homogenate, BMSCs demonstrated hepatocyte-like morphological characteristics, and with prolonged culture time, liverspecific markers were gradually produced at levels indicating cell maturation. AFP expression peaked at 14 days then began to decrease, while both urea and ALB levels increased with induction time. Overall, 2 X.K. Xing et al. Genetics and Molecular Research 15 (3): gmr.15038550 marker expression in the 5% homogenate group was less than or equal to the 10% group at each time point. Thus, in a rat model, liver tissue homogenate obtained from partial hepatectomy can induce the differentiation of BMSCs into hepatocyte-like cells. This method is simple, feasible, and has remarkable real-world application potential.
INTRODUCTION
Liver transplantation is an effective method for treating end-stage liver disease, but is relatively unpopular owing to its high cost, serious associated complications (such as transplant rejection), and dependence on the availability of limited donor sources. Alongside the development of tissue engineering, cell replacement therapy demonstrates promise as new technique for the treatment of liver diseases and other severe conditions. Cell replacement with bone marrow-derived mesenchymal stem cells (BMSCs) represents a novel approach to treating end-stage liver disease. As seed cells, BMSCs exhibit strong proliferation and differentiation ability, limited immune rejection, and can be acquired from a wide range of sources. They are also readily and ethically obtainable and demonstrate high biocompatibility (Kemp et al., 2005; Hang and Xia, 2014; Yuan et al., 2014; Marquez-Curtis et al., 2015) . For these reasons, it is of sizeable practical value to explore methods by which BMSCs can be induced to differentiate into liver cells, to establish safe, feasible, and effective clinical treatment options.
MATERIAL AND METHODS

Materials
Low-glucose Dulbecco's modified Eagle's medium (L-DMEM) was purchased from Gibco (Carlsbad, CA, USA), fetal bovine serum (FBS) from HyClone (Logan, UT, USA), trypsin from Sigma (St. Louis, MO, USA), and a-fetoprotein (AFP) and albumin (ALB) from Santa Cruz Biotechnology (Dallas, TX, USA). Sprague Dawley (SD) rats were purchased from the Laboratory Animal Center of Xinxiang Medical University, Xinxiang, China. The treatment of animals over the course of the study complied with the current Animal Protection Law of China.
Isolation and culture of rat BMSCs
Four-to six-week-old healthy male SD rats (weighing 100-150 g) were euthanized by cervical dislocation, and bilateral femurs and tibias were separated. All procedures took place under sterile conditions. Bone marrow was washed with L-DMEM (containing 100 U/ mL penicillin, 100 U/mL streptomycin, and 10% FBS), then placed into a centrifuge tube to create a single-cell suspension, and centrifuged at 1000 rpm for 5 min before discarding the supernatant. Cells were then mixed with fresh medium, before being seeded in a culture flask and incubated at 37°C in a 5% CO 2 atmosphere. The medium was half-changed after 48 h, then fully replaced every 3 days for the duration of the study. Cells were passaged at 80% confluency by using a split ratio of approximately 1:3.
BMSC growth curves
First, third, and fifth generation cultures demonstrating good growth were digested with 0.25% trypsin, and 1 x 10 4 cells/mL from each was seeded on a 24-well plate. Each 3-well group was examined daily for 1 week after inoculation to obtain cell counts, and the mean values were calculated. Growth curves were subsequently drawn as plots of culture time vs cell number.
Liver tissue homogenates
Under sterile conditions, 6 rats were anaesthetized using ether and incised below the xiphoid approximately 1-2 cm along the ventral midline to open the abdominal cavity. The left lobe and middle of the liver were resected (accounting for 68% of total liver weight), and the wound was closed and sprinkled with sulfanilamide to prevent infection. Rats were routinely fed before being sacrificed 12 h after surgery. Culture medium was then added to liver tissue homogenate (1 mL L-DMEM for 200 mg homogenate) at 4°C, and centrifuged at 12,000 rpm for 25 min. Supernatant was removed, then samples were passed through a 0.22-mm filter and stored at -20°C until needed for all subsequent analyses.
Induced BMSC differentiation
Third-generation cells (2 x 10 4 /well) were seeded on 35-mm culture dishes at 37°C in a 5% CO 2 atmosphere. For the experimental groups, 5 or 10% liver homogenate was added to L-DMEM containing 10% FBS. After 0, 7, 14, and 21 days, cell morphology was observed under an inverted microscope. The medium contained liver homogenate was changed every 3 days. The control group consisted of the same cells treated with L-DMEM and 10% FBS only. Each experiment was repeated 3 times.
Immunofluorescence assay
Cells were collected at 7, 14, and 21 days to produce cell smears. Smears were fixed for 10 min with 4% formaldehyde, washed 3 times with phosphate-buffered saline (PBS), incubated with 0.1% Triton X-100 for 10 min, blocked with 10% sheep serum for 30 min at room temperature, and then treated with 0.3% H 2 O 2 for 15 min. Cells were incubated overnight at 4°C with primary antibodies against AFP or ALB, before being washed with PBS and exposed to biotin-labeled secondary antibodies. After a further incubation with streptavidin-fluorescein isothiocyanate for 60 min, cells were observed under an ECLIPSE 80i fluorescence microscope (Nikon, Tokyo, Japan).
mA for 2 h, and the proteins were then transferred onto polyvinylidene fluoride membranes and incubated with AFP or ALB antibodies for 1 h, before being exposed to horseradish peroxidase-conjugated secondary antibodies, and visualized by enhanced chemiluminescence.
Liver cell function test
Supernatant was collected from samples of cells cultured for 0, 7, 14, and 21 days, and glutamate dehydrogenase was used to measure urea concentration, from which urea level curves were drawn.
Statistical analysis
Two-factor analyses of variance were conducted using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) with an a-level of 0.05, based on repeated measurements.
RESULTS
Cell morphology
As shown below, we observed bone marrow cell component complexes after 1-2 days in primary cultures, with a few irregular, long, spindle-shaped and polygonal cells attached to the wall of the culture vessel. After receiving a new half dose of the medium contained liver homogenate, cells began to proliferate rapidly, establishing a colony. At this point, 7 to 9 cells (mainly spindle-shaped) covered the bottom of the culture bottle with more than 95% fusion. The cells took on a whirlpool shape. After passage, cells grew with greater speed and continued to attach themselves to the container wall. Two hours later, more were affixed to the wall, and within 24 h, they had become completely adherent. After 6-7 days, cells completely covered the bottom of the culture bottle. Their morphology became highly homogeneous (spindle-shaped) and presented an overall whirlpool shape ( Figure 1A ). As culture time after addition of liver homogenate extended, the number of ovoid, circular, and irregular polygonal cells gradually grew ( Figure 1B) . 
Cell growth curves
Growth curves for first-, third-, and fifth-generation cells were essentially similar. After 1-2 days, there was adaptation from the latent to the logarithmic phase, and 3-5 days later, the curves began to plateau (Figure 2) . 
AFP and ALB levels assessed by immunofluorescence
AFP and ALB were not expressed by BMSC cells in the absence of liver homogenate. Levels of AFP were higher at 7 and 14 days in the 10% liver tissue homogenate group, and decreased with further culture time. Expression of ALB was higher at 7 days in the presence of 10% liver tissue homogenate and increased with time, reaching its maximum at 21 days. The expression of ALB and AFP in the 5% homogenate group was consistently equal to or less than that of the 10% group at each time point (Table 1 and Figure 3) . 
ALB and AFP levels assessed by western blot
ALB and AFP expression was detected by western blot at different time points after induction of differentiation with liver tissue homogenate. The expression of these markers in the 10% liver homogenate samples was greater than that of cells exposed to 5% homogenate, and AFP levels in both groups peaked at 14 days. ALB expression increased as culture time progressed, reaching a maximum at 21 days (Figure 4) . 
Liver cell metabolism
Urea concentration in culture supernatants was plotted for each group as the line chart shown below. No urea was detected at any time point in control cultures, but it was produced after 7 days by cells in the 5 and 10% homogenate groups. For each concentration, urea levels increased as time progressed. At each time point, the difference between the two groups was statistically significant (P < 0.05; Figure 5 ). 
DISCUSSION
Stem cell research has progressed significantly in recent years. Certain stem cells in bone marrow, in particular, can be induced to differentiate into various cell types. In vitro culture of such cells, a particularly exciting research area, can employ conditions promoting proliferation and differentiation into hepatocytes. Liver cells obtained in this way may be transplanted or used to generate biological artificial livers, representing extraordinary potential therapeutic value.
Mesenchymal stem cells are rare in bone marrow. The proportion of mononuclear cells in this tissue is only 0.001-0.1%, and gradually decreases with age. The bone marrow of young rats contains a greater number of immature cells. At present, there is no universally accepted method for the isolation, purification, or culture of BMSCs. Instead, four general categories of isolation technique exist: adherent culture (Zohar et al., 1997) , density gradient centrifugation (Nuttall et al., 1998) , flow cytometry, and immunomagnetic bead separation (Ghilzon et al., 1999) . The adherent method is based on the characteristics of cells in suspension and hematopoietic system growth, and consists of the removal of non-adhering hematopoietic cells. This technique takes advantage of the attributes of BMSCs for purification, such as the ease with which they are detached, and their differences from lymphocytes and monocytes.
The adherent culturing method has the advantages of being simple, fast, and having minimal effects on cell behavior.
BMSCs can thus be isolated and expanded in vitro, and are able to differentiate into histiocytes stemming from mesoderm and neuroectoderm. The differentiation of stem cells is largely determined by their microenvironment (Faia-Torres et al., 2015; Lu et al., 2015; Tao et al., 2015) . Currently, in vitro differentiation into hepatocytes is generally achieved using cytokines, but the optimum induction conditions and whether or not the resulting cells fully possess the characteristics of hepatocytes remain unconfirmed.
Hepatocyte growth factors (HGF) are largely produced by hepatic Kupffer cells and sinusoidal endothelial cells. Owing to their mitogenicity, HGFs play an important role in liver development, maturation, and regeneration (Suárez-Causado et al., 2015) . HGFs can stimulate the proliferation of hepatocytes, various epithelial cells, endothelial cells, chondrocytes, and neurocytes, promote various types of cellular movement and morphological changes (Lehwald et al., 2014) , and inhibit apoptosis (Gohda, 2002) . To this effect, HGF addition is commonly used for liver stem cell differentiation in in vitro experiments (Liu et al., 2015; Wang et al., 2015) .
Fibroblast growth factor 4 is a multifunctional cell growth factor produced by endothelial cells that plays an important role in endoderm formation. In vivo, endothelial cells promote chemotaxis and mitosis, and encourage the formation and development of the embryonic liver (Jung et al., 1999; Minagawa et al., 2009) . Epidermal growth factor , insulin, transferrin, selenium, and other nutritive factors also play crucial roles in the development and regeneration of liver cells. Cytokines are the main initiators of hepatocyte DNA synthesis, but their growth, differentiation, and proliferation are regulated by the entire organism, including many extra-and intra-hepatic influences and certain hormones.
The human body's capacity for liver regeneration following damage or partial removal has been well established. In a normal physiological state, approximately 0.0012-0.01% of rat liver cells are undergoing mitosis (Fausto et al., 2012; Michalopoulos, 2014) . After injury or surgical removal of the cause of injury, liver cells quickly begin to proliferate and recover the lost organ weight (Cienfuegos et al., 2014) . Post-hepatectomy liver tissue homogenates are likely to include all necessary stimulating factors and nutrients (Karkampouna et al., 2012; Maruyama and Ohkohchi, 2012; Kedarisetty et al., 2014; Fan et al., 2015) . The present study used homogenates generated following partial resection of rat liver tissue to analyze the combined action of liver cell growth factors and hormones on stem cell differentiation.
AFP, ALB, and other liver cell-specific markers were measured. AFP is a cytosolic protein secreted by liver precursor cells. As the cells gradually mature, they no longer express AFP (Lai et al., 2015; Takeyama et al., 2015) . ALB, synthesized by liver cells and secreted into the circulatory system, is the most abundant protein in the plasma of healthy human beings. This protein is the most commonly used and most reliable indicator of liver cell function, as very little is produced by cells of other tissues (Kahraman et al., 2014; Tsipotis et al., 2015) . The liver's ability to metabolize amino acids is facilitated by the synthesis of urea from ammonia and subsequent renal excretion. Urea is primarily produced by the liver and kidneys, although a very small amount is generated in the brain.
Our experiment showed that rat BMSCs did not produce AFP, ALB, and urea unless treated with partial hepatectomy liver tissue homogenate. After induction with this homogenate, however, BMSC AFP expression reached its peak at 14 days, and then decreased with time.
In the presence of 10% liver tissue homogenate, ALB and urea production was low after 7 days, but increased over time until reaching a maximum at 21 days. In this investigation, we identified the necessary factors for the differentiation of BMSCs into mature liver cells, based on the measurement of multiple markers over an extended induction time. The ability of rat liver cells to secrete ALB and urea gradually increased over the study period. We assert that these cells function in a similar manner to mature hepatocytes, and that the differentiation of BMSCs into hepatocytes in vitro was successfully accomplished in the present study.
In this experiment, liver cell phenotype and function were assessed according to two distinct aspects of multiple indicators. As induction time increased, the markers tested gradually showed signs of cell maturation. Here, the effects of partial hepatectomy liver tissue homogenate on the differentiation of BMSCs into liver cells were demonstrated in a rat model and analyzed at length. We hope that our findings prove to be a valuable reference for future studies related to this issue. Further examination of the proposed method and assessments of the reliability and safety of the induction and differentiation mechanism described will be necessary, in addition to an appraisal of its clinical application.
